We use density functional theory based first-principles method to investigate the bandstructure and phase stability in the laterally grown hexagonal C x (BN) 1−x , two-dimensional Graphene and h-BN hybrid nanomaterials, which were synthesized by experimental groups recently (Liu et al, Nature Nanotech, 8, 119 (2013)).
by Panchakarla et al [6] and by Ci et al [7] using Chemical Vapour Deposition (CVD) technique, where concentration of C or BN was carefully controlled. All h-CBN samples were reported to exhibit semiconducting behavior showing a band-gap varying between a few meV to nearly an eV, a fact which has been verified by first-principles calculations [10] . Formation of a band-gap in Graphene, when doped by Boron and Nitrogen, has been studied earlier [11, 12, 13, 14, 15, 16] . It was shown that upon Boron (hole) doping the Dirac cone in Graphene is moved above the Fermi level and a gap appears, whereas upon Nitrogen (electron) doping the Dirac cone is moved below the Fermi level [17] . Upon co- [19, 20, 21] using different experimental conditions.
Several calculations have been reported on the electronic structure [11, 12, 13, 14, 15, 16, 22, 23] and also on the stability of C x (BN) 1−x [24] . In this paper we calculate the phase stability of CBN from the free energy using a regular solution model and apply the transport theory of band electrons on our DFT bandstructure to obtain the temperature dependent resistivity at different concentration of C x (BN) 1−x , which were not been addressed before.
Since, the interface between such domains can be either armchair or zigzag type, we have studied both the interfaces using a large 5 × 5 unit cell. Recently, few such calculations [25, 26] eV whereas Graphene has zero band gap at the high symmetric K-point in the hexagonal Brillouin zone, so it is expected for the band gap to decrease with the increasing C concentration, ultimately becoming zero for x = 1. We obtained a non-monotonic decrease of the band gap for C x (BN) 1−x with increasing x and the concentration dependence of the band gap is different for the armchair and zigzag interfaces. Our calculated DOS and charge density indicate that the charge transfer effects might play important role in the band gap formation. Moreover, from the calculated formation energy, we studied the phase stability of C x (BN) 1−x using a regular solution model and estimated the order-disorder transition temperature.
It was found that the onset of substitutional disorder would occur at temperatures of ∼ 3850K and 6090K
for the zigzag and armchair interfaces, respectively.
Finally, we use the Boltzmann transport theory applied to the band electrons [27] to calculate the electrical conductivity (σ) [28] [7, 10] .
Method of Calculation
We carried out the ab-initio DFT calculations on the 5 × 5 h-CBN unit-cell with armchair and zigzag ( Fig. 1 ) interfaces using the Quantum Espresso code [29] . A hexagonal unit cell was chosen for both the armchair and zigzag case. The plane wave calculations assume periodicity and hence to avoid interactions between the sheets, a vacuum spacing of 13Å was chosen. We have used the ultrasoft pseudopotential [30] to describe the core electrons and the generalized gradient approximation (GGA) for the exchange-correlation kernel [31] . A kinetic energy cutoff of 40Ry was used for the plane-wave basis set and of 160Ry for the charge density, and an accuracy of 10 −9 Ry was obtained in the self-consistent calculation of total energy. The equilibrium lattice constants were obtained by minimizing the total energy with respect to the lattice constants by ensuring that the stress on each of the atoms are zero.
The self-consistent calculations were performed using a converged Monkhorst-Pack k-point grids [32] of 6 × 6 × 1. Band structure calculations were performed for the equilibrium lattice constants with 150 k-points along the high-symmetric points Γ-K-M-Γ in the irreducible hexagonal Brillouin zone for both armchair and zigzag interfaces. 
The electrical conductivity tensor is then obtained from,
where µ is the chemical potential, fµ is the Fermi-Dirac distribution function, V is the volume of the sample, and τ is the Drude relaxation time which is assumed to be isotropic and direction independent [35, 36] . The resistivity is then ob- Results and Discussion The bandstructure in Fig. 2 shows that the band gap of Cx(BN) 1−x decreases with increasing concentration of C.
Since the band gap of undoped h-BN is calculated to be 4.76-eV, the band gap of Cx(BN) 1−x decreases from this value with increasing C-concentration upon mixing with Graphene until it becomes zero for x = 1. The nature of the decrease of the band gap with increasing x was found to be non-monotonic and We would like to emphasize that all our selfconsistent calculations were performed by relaxing the lattice, but keeping the hexagonal symmetry, to assure zero strain in the unit cell. In this way, we have obtained the equilibrium inplane lattice constant a(x) for each concentration. We would like to add that our calculations were performed for the spin polarized case. The spin up and spin down components of the DOS happen to be exactly the same unlike reported by [11, 12, 13, 14, 15, 16] . The reason for this is that those calculations are performed on nanoribbons. The spin polarization on each atom diminishes as we move into the nanoribbon [38] .
In this paper all our calculations are studied on an infinite sheet and hence there are no spin polarization on any atom. 
The equilibrium in-plane lattice constant a. The dashed line refers to Vegard's law.
In Fig. 3 the calculated band gap Eg, the formation energy ∆E B , and the equilibrium lattice constant a are shown for Cx(BN) 1−x as a function of x, for the armchair and zigzag interfaces. The calculated Eg indicates Fig. 3(a) , for both armchair and zigzag interfaces, the indirect band gap to be slightly smaller than the direct band gap at high-symmetric K-point for x < 0.8. For x ≥ 0.8, the Dirac cone-like features start evolving and the band gap is a direct one at K-point. This non-monotonic behavior of Eg, which has also been observed in recently published calculations [25, 26] , is apparently not observed in the semiconductor alloys. This dependence can be incorporated by taking higher order concentration dependent terms in the optical bowing parameter [39] , so we have fitted a fifth-order polynomial to best describe the x dependence of Eg for Cx(BN) 1−x , given as,
Here, E hBN g is the energy gap of undoped h-BN, E 0 is the optical bowing parameter, E 1 , E 2 , E 3 are the higher order corrections to the bowing parameter, obtained by the fitting procedure given in Table 1 . We observe that the concentration dependence of the band gap results of Bernardi et al [25] performed for larger zigzag interface unit-cell, fit nicely with the form given in Eq (1) shown in Fig 3(b) .
(b) Formation energy and phase stability
The formation energy ∆E B Fig. 3(c) was calculated using the equation,
where E{Cx(BN) 1−x , a(x)} is the total energy per atom of Cx(BN) 1−x at the equilibrium in-plane lattice constant a(x); E(C, a C ) and E(hBN, a hBN ) are the total energies per atom of undoped Graphene and h-BN at the equilibrium in-plane lattice constants a C and a hBN , respectively.
From the calculated formation energy, we investigated the phase stability [40, 41] 
Thus, the critical temperature, T C = 2 ∆H/k B , was estimated to be 3850K for the zigzag and 6090K for the armchair interfaces, respectively. Therefore it is expected Cx(BN) 1−x would be in the disordered phase above those temperatures. A lower bound of T C can be obtained by estimating ∆H directly from interpolation of the calculated ∆E B at x = 0.5, yielding the transition temperatures to be 3390K and 5060K for the zigzag and armchair interfaces, respectively.
We have also investigated the phase stability of Cx(BN) 1−x by using the fit ∆E B (
which gives better than parabolic fit shown in Fig 3(c) as full lines. Inclusion of such higher order terms in ∆E B (x) leads the transition from binodal to spinodal line to occur at temperatures lower than in the previous model. The free energy was calculated numerically and the T C was found to be 4869K for the armchair and 3389K for the zigzag interface [38] , respectively. We would like to mention that above calculations for larger supercells are under investigation and will be reported later.
The in-plane lattice constant of Cx(BN) 1−x , a(x) shows a deviation from Vegard's law [42] in Fig. 3(d) , which has been fitted to,
Here, A is the deviation parameter for the lattice constant a, obtained from fitting. The fitting parameters in Eqs. (1), (3) and (4) are given in Table 1 . (3), (5) and (6) . E 0 , E 1 , E 2 , E 3 are in eV, ∆H in eV/atom and A in A, respectively. The values of En without parenthesis refer to that of the band gap at K-point and those within parenthesis to the indirect band gap, respectively. 
(c) Resistivity from the Transport theory
Now we turn to our results of the resistivity ρ(T ) of Cx(BN) 1−x from the transport calculations. The resistivity of CBN nanomaterials was measured earlier [7, 18] . It was reported that ln(ρ) varies linearly with T −1 for different concentration of B and N, indicating that CBN is semiconducting. The band gap Eg of CBN was estimated from Eq. (7) [27]. In Fig. (4) we show the results of ln(ρ) against T −1 , as- 
As mentioned earlier the k-point mesh had to be enhanced to 150 × 150 × 1 for pure Graphene (x = 1) to capture the Dirac-point correctly. Also, for the pure h-BN we had to calculate ρ(T ) at higher temperatures to obtain the measurable slope as shown in Fig. 4 . In Table 2 , the band gap Eg of Graphene and h-BN [38] .
We found, a C-atom terminated by a B (N) atom at the zigzag interface would have more negative (positive) charge than that in undoped Graphene; whereas on the zigzag interface on the other side of the same domain the excess charge on the interfacial C atom would be reversed. This leads to strong peaks in the DOS above or below E F , which alternates as one goes onto atoms lying deeper in the domain. This effect is illustrated in Fig. 4c where we show the calculated PDOS on C-atoms going from one end of the zigzag interface to the other end. Comparing the excess charges on the interfacial C atoms, for both armchair and zigzag interfaces, we found higher is this excess charge, larger is the band gap Eg.
Present calculations may be extended to include higher order corrections to the exchange-correlation energy using HSE [43] or GW [44] methods to check the validity of our results. However, the GGA exchange-correlation kernel used in present calculations yields the groundstate physical properties of Graphene and h-BN, in good agreement with experimental results.
In conclusion, we have presented a detail first-principles calculation of the band structure, DOS, the band gap and the formation energy of Cx(BN) 1−x at different concentrations. From the formation energy, we have also investigated the phase stability of the material using a regular solution model.
Although we have used only the single-site probabilities for 
